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144 Dr. J. D. Dana on the O~'oin of 
which give the best shadows are those made with single loop, 
but it has also been observed on Swan lamps with double 
twist. By making lamps with clamps of various metals, it 
might be possible to obtain metallic films of various kinds. 
Interesting magneto-optic phenomena, might perhaps present 
themselves in the ease of transparent Iron films, if they could 
be obtained. 
XVI I .  Origin of Coral Reefs and Islands. 
By JAMES D. DANA, LL.D.* 
[Plate I.] 
T HE Presidential Address of Dr. Archibald Goikie, Di- rector-General of the Geological Survey of Great 
Britain, before the Royal Physical Society of Edinburgh in 
1883 t, reviews the subject of the origin of coral-reefs and 
islands. In the course of the discussion, the author sustains 
and enforces the objections which have been presented by 
others, and concludes that " the existence of such reefs is no 
more necessarily dependent on subsidence than on elevation." 
The existing state of doubt on the question has led the writer 
to reconsider the earlier and later fkcts, and in the following 
pages he gives his results :~. That both sides may be fairly 
beibre the reader, the views of Darwin and the evidences in 
favour of his theory are first considered, and afterwards the 
arguments that have been urged against it. Part of the 
objections are based on misunderstandings of the facts, and 
hence a general presentation of the subject has been thought 
necessary. 
PAI~T I . - -The Darwinian Theory and its Evidences. 
1. According to the Darwinian theory, islands with fringing 
reefs have been often changed through a slow subsidence of 
the region into islands with harrier reefs; and, as the last 
summit of the sinking land disappeared, the latter have be- 
come atolls, that is, barrier reefs enclosing simply a piece of 
the ocean (or a lagoon). Darwin added to this conclusion, a 
second, in view of the wide distribution of atolls and their 
From an advance proof fi'om Silliman's ' American Journal,' com- 
municated by the Author, to whom we are also indebted for copies of the 
plate and clichgs of the woodcuts. 
t Proceedings Edin. Roy. Phil. Soc. viii. p. 1 (1883). 
:~ The writer's account of his original observations is contained in his 
Wilkes Expedition~ Geological Report, 1849 (756 pp. 4to), pp. 29-]54 ;
and, less completely, along with a review of facts from other regions in 
his ' Corals and Coral Islands," 398 pp. 8re (1872, 1875). 
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Coral Reefs and Islands. 145 
relations to other islands: that the subsidence indicated in- 
volved the whole central Pacific, besides other large areas. 
He also expressed the opinion that a Pacific continent had 
disappeared through the subsidence. The proofs of the first 
and the second conclusions are partly different and should 
not be confounded. The third is no necessary part of the 
general theory, was not adopted in my Report~ and need not 
be further considered. 
2. Darwin did not hold that atolls were necessarily evi- 
dence of a subsidence now in progress, but allowed that in 
some regions they may have reached a state of rest, and may 
perhaps have undergone an elevation since the cessation of 
the subsidence; and also that subsidence and elevation may 
have alternated. 
3. Darwin found what he believed to be almost certain proof 
of subsidence in the features of the large barrier-islands and 
atolls. He perceived in the rocky islets that dot the great 
interior lagoon-like waters of the Gambler group, Hogoleu, 
and other similar barrier-islands of the Pacific, and the 
general resemblance ofsuch islands to atolls, strong evidence, 
"leaving scarcely any doubt on the mind," that the islets 
were the emerged points of sunken lands ; that such barrier- 
islands were no less lagoon islands than Keeling atoll (the 
atoll which he investigated); and, if evidence of subsidence, 
the atoll was proof of further subsidence, that is, one that had 
continued to the disappearance of the sinking peaks. 
The evidence which had satisfied him was satisfactory to 
me when I first learned of his views in Aush'alia (in 1839), 
after a cruise amongst he Paumotu atolls and the Tahitian 
and Samoan reef-regions; and more decidedly so later~ when 
I had been among the Friendly, Feejee, and other Pacific 
islands. 
That the argument may be appreciated I here intro- 
duce a map of the eastern half of the Feejee Archipelago *. 
Several of the great barrier-reefs in this map, 10 to 20 miles 
in length, have but one or two peaks of the sunken land re- 
maining; Nanuku has but one little point, near its south- 
eastern angle, a mile of peak within a barrier island 200 
square miles in area; Bacon's Isles are the last two little 
peaks of a still larger lagoon; and besides these and other 
examples of disappearing lands, a dozen of the easternmost 
islands are actual atolls--the last peak gone. 
4. To this, the chief of Darwin's arguments in his own view, 
Reduced from the general map of the archipelago in the Atlas of 
the Wilkes Expedition. 
_Phil. Mi~g. S. 5. Vol. 20. No. 123. A~ulTIst 1885. L 
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146 Dr. J. D. Dana on the Origin @ 
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EASTERN PART OF THE FEE JEE  ARCHIPELAGO. 
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Coral Reefs and islands. 147 
another of like importance is added in my Report---tire xist- 
e, ce of deepjTord-like indentations n the rockz/ coasts of islands, 
both of those inside of barriers and those not bordered by reefs. 
When making the ascent of Mount Aorai~ one of the two 
high summits of Tahiti (September 1839), where high narrow 
ridges~ almost like a knife-edge along their tops, alterna- 
ting with gorge-like valleys 1000 to 3000 feet deep~ radiate 
from the central peaks but die out in a broad even plain at 
the shores~ I was made to appreciate the consequence to such 
an eroded land of a partial submergence. At any level above 
500 feet~ its erosion-made valleys would produce deep bays, 
and above 1000 feet fiord-like bays~ with the ridges spreading 
out in the water like spider's legs. Observing on the maps 
of the 1VIarquesas I lands precisely this condition~ it was a 
natural inference that the lands had undergone great snbsi- 
denc% and perhaps were still subsiding. 
With this criterion of subsidence in view, the evidence 
from the Gambler and Hogoleu Islands is doubled in force; 
and that for the sinking of P~aiatea of the Tahiti group, re- 
presented in fig. 3 of the plate of maps in Darwin's ~ Coral- 
Reefs~' is as strong from each of the two enclosed islands as 
it is from the great breadth of the reef-grounds; and the same 
is true for Bolabola~ another Tahitian island on the plate. 
So it is also in the Feejees. The demonstration as to sub- 
sidence in the large barrier-island called the Exploring Isles~ 
for examp]% is made complete by the form of the ridge of 
land along one side of the great barrier~ and the positions of 
adjoining islets. 
5. The general parallelism between the trends of coral- 
islands and the courses of the groups of which they are part~ 
and the courses also of the groups of high islands not far 
distant~ were regarded by Darwin as confirming his view 
that the coral-islands were once high islands with bordering 
reefs. 
6. Darwin uses also the argument that the large coral- 
islands have the diversity of form found in the barrier-reefs 
of high islands; and also that they often have such groupings 
as would come from the sinking of a large island of ridges 
and peaks with encircling reefs. I-Ie describes the Maldives 
as one example of the latter~ and the two loops of Menchikoff 
island in the Caroline Archipelago as another. 
7. The depth of lagoons, and of the channels inside of largo 
barrier-reefs~ afforded him further evidence of subsidence, it 
being in many cases two to three times greater than the 
limiting depth (120 feet) of living reef-making corals. 
L2 
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148 Dr. J. D. Dana on the O~'igln of 
8. The great depth of the ocean in near vicinity to the 
atolls is another source of evidence added. 
9. He urged also, in supporting his views, the non-existence 
in the ocean now, and the extreme improbability of existence 
at any time, of submarine volcanoes or chains of mountains 
having their numerous summits within a hundred feet of the 
surface. 
10. Darwin speaks of smallness of size in coral-islands as 
a result of continued subsidence. In my Report I base an 
argument for subsidence on smallness in the proportion of dry 
land~ and on smallness of siz% when there is gradation to- 
ward either condition, and the seas beyond are free of islands. 
The facts bear on the general conclusion with regard to a 
Central-Pacific area of subsidence as well as on the funda- 
mental point in the theory. 
If  an atoll-reef is not undergoing subsidence, the coral and 
shell material produced that is not lost by currents erves, 
(1) to widen the reef; (2) to steepen, as a consequence of
the widening~ the upper part of the submarine slopes; (3) to 
accumulate, on the reef, material for beaches and dry land; 
and (4) to fill the lagoon. 
But if, while subsidence is in progress, the contributions 
from corals and shells exceed not greatly or feebly the loss 
by subsidence and current-waste, the atoll-reef, unable to 
supply sufficient ddbris to raise the reef above tide-level by 
making beaches and dry-land accumulations, would--(I) re- 
main mostly a bare tide-washed reef; (2) lose in diameter or 
size, because the ddbris that is not used to keep the reef at 
tide-level is carried over the narrow reef to the lagoon by the 
waves whose throw on all sides is shoreward; (3) lose in 
irregularity of outline, and thus approximate toward an an- 
nular form; (4)lose the channels through the reef into the 
lagoon by the growth of corals and b) consolidating d~bris ; 
and (5) become at last a small bank of reef-rock with a half- 
obliterated lagoon-basin. 
The Pacific contains reefs of the three kinds :--(1) atolls 
with much of the reef under trees and shrubbery; (2) others, 
of large and small size, with the reefs mostly or wholly tide- 
washed; (3) others only two or three square miles in area, 
without lagoons. Further, the kinds are generally grouped 
separately and gradationally. (1) The islands of the Pau- 
motu and Gilbert Archipelagos have usually half or more of 
the reef dry and green; (2) the northern Carolines and the 
northern Marshall Islands, and the astern Feejees, although 
in part of large size, are mostly bare reefs; while (3) the 
islands of the Phoenix Group, of the Equatorial Pacific east 
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Coral .Reefs and Idands.  149 
of the line of 180 ° , are, with one exception (Canton or Mary), 
not over four miles long. The three more southern of the 
Phoenix Islands (see Map, Plate I.), Gardner's, Hull's, and 
Sydney, between 4 ° 25 ~ S. and 4 ° 35 / S., are two to four 
miles long, and have lagoons; five, including Phoenix, Birnio's, 
and Kean's, between 3° 10 ~ S. and 3 ° 30 ~ S., and Howland and 
Baker's, north of the equator, are a mile and a half and less 
in length, and have depressions at centre, but no lagoons. 
The depressions contain guan% and one of them, Kean's, has 
much gypsum mixed with the guano *; Kean's and Phoenix 
have a i~oot or two of water at high tide, the tide rising 6 feet. 
Another of the number, Enderbury's, is three miles long and 
has a half-dried lagoon, which is very shallow and has no 
growing corals t. To the north of these islands for fifteen 
degrees of latitude the sea is an open one ; and in the next ten 
degrees, to the line of the Hawaian Chain, the only islets not 
marked doubtful are " Coral-Reef, A wash '" and Johnston 
Island. 
A similar gradation in size takes place in the Ellice, 
Ratack, and many other groups of the ocean. Smallness of 
siz% and dried lagoon-basins, with occasionally a deposit of 
gypsum from evaporated sea-water, are just the result that 
should have come, by the Darwinian theory, from subsidence; 
and gradation in size fi-om gradation in the amount of subsi- 
dence. The positions of the Union, Gilbert, Ratack, and 
Ralick groups with reference to the Phoenix group are shown 
on the Map, Plate I. All of the islands on the map are coral- 
islands, and nearly all atolls; and the part of the encircling 
reef marked by fine dots is under water at high tide. 
Adopting this view of the origin of these smallest of coral- 
made islands, I readily accepted Darwin's econd conclusion as 
to a great central oceanic area of subsidence. The further 
inference, also, was deduced, fbr reasons tated in my Report, 
that the greatest amount of subsidence took place along 
a belt stretching south-eastward fi'om the southern half of 
* J. D. Hague, Amer. Journ. Sci. (II.) xxxiv, p. 242. Mr. Hague, in 
his valuable paper on the Guano Islands of the Central Pacific~ mentions 
the existence ofa bed of gypsum two feet thick under the guano of Jarvis 
Island, another small equatorial island, eleven degrees east of th  Pho nix
group. , 
J" Baker s Island has a height of 22 feet, according to Mr. Hague, 
showing, he says~ some evidence of elevation; and Enderbury's I 
foundto be 18 feet in height, from which I inferred some elevation. Bu  
Howland's, Birnie's, McKean's, Phoenix, Gardner's, Hull's, and Sydney 
are not higher than ordinary atolls woutd be in a sea of 6-foot tide. 
anThatf~cts4~h ehg:rd ~:ethuen:bR:~fo';eOnn.the map, in long. 175 ° W. 
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150 Dr. J. D. Dana on the Origin of 
Japan and passing south of the Marquesas group toward 
Easter Island, and a line was drawn on a map among its 
illustrations representing the course of "the axial line of 
greatest depression" *. 
These deductions have been apparently sustained by the 
soundings of the 'Tuscarora' and 'Challenger' in 1874, 
1875, and 1876. The soundings of the ' Tuscarora' through 
the Phoenix group in 1875, on its route from the Sandwich 
Islands to the Feejees (under the command of J. ~. Miller, 
U. S. N.~ by the order of the U. S. Hydrographic Bureau), 
are shown on the map of the central Pacific herewith pub- 
lished (Plate I.). 
The soundings about these islands prove (1) that the 
islands are situated within the deep 3000--4000-fathom area 
of the ocean ; and appear to indicate also (2) that along lines 
transverse to the trend of the islands (or to the direction of 
trend in other groups to the west), mean submarine slopes 
of 1:1"5 to 1:7 exist; while in the direction of the trend, 
the slopes are much less. The slope of i : 1"5, or that of the 
an~lo ~3 ° 41/. is nearly the maximum slope of the sides of 
Co~opaxi, Mt. "Shasta, and several other volcanic summits of 
Western America. 
The facts are these:-- 
Halfway between Sydney and Birnie's Islands, 60 English 
miles apart, a depth of 3000 fathoms (18,000 feet) was 
found. Off Enderbury's Island (40 iniles north-east of 
Birnie's), (1) a depth of 2835 fathoms was obtained 20 miles to 
the south-west; (2) of 880 fathoms 2½ miles to the south-west; 
(3) of 1991 fathoms 3 miles to the north-east; and (4) of 
2370 fathoms, 11 miles to the north-east. The mean slopes 
to the south-west, calculated from the soundings 1 and 2, are 
1:6 and 1:3; and to the north-east, from 3 and 4, 1:1'5 and 
1: 4;  14: miles south-east of Hall's Island, at right angles 
to the above direction, a depth of 935 fathoms was found, 
which gives the slope 1: 13. 
Further evidence as to the submarine slopes about equa- 
torial coral-reef islands is afforded by soundings, made under 
the direction of the British Admiralty, near the very small 
Swain's Island, at the south end of the Union group (see 
map) ; and others, by the 'Tuscarora' under Commander 
Miller, in 1876, near the Danger Islands, about five degrees 
east of Swain's. Off Swain's Island, two soundings, one 
Report, pp. 399 and 432, and map between pages 8and 9. 
This "line is reproduced ona chart of the World, in my ' M~nual of 
Geology~ where it is lettered A ~ . 
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Coral ReeJs and Islands. 151 
south of it and the other east (the two directions at  r ight 
angles to one another and the latter not d iverg ing l~ar from 
the trend of the other islands of the Union group),  give the 
slopes 1 :7  and 1: 13. Off Danger  Island, as Commander 
Mil ler's Report  states *, the depth of 660 fathoms was obtained 
half a mile (nautical)  off the south-west corner of the reef 
near south-east island, and 985 fathoms one mile east of  the 
reef - -corresponding to slopes 1:1  and 1:0"75. 1:1 is a 
steeper slope than occurs even in small dry-made cinder- 
cones ; and 1 : 0"75 (53 ° 8 ~) is steeper still. 
The above facts are sul~icient to authorize the drawing of 
the bathymetr lc  lines for 1000, 2000, and 3000 fathoms 
quite closely about the islands of the Phoenix group, and 
to give the areas a northwest-southeast elongation, corre- 
sponding with that of the neighbour ing Pacif ic islands to the 
west, as on the accompanying map, P late I . t  
I t  follows from the above-mentioned facts that the deep- 
water areas adjoin ing the Phoenix group,  named provision- 
al ly by Petermann $ the "Hilgard depths"  and the " Mil ler 
depths,"  are parts of one large area 1200 miles broad. The 
* I am indebted for the soundings about Danger Islands to Commander 
J. R. Bartlett, Superintendent of the U. S. Hydrographical Bureau. 
f The line on the map for 1000 fathoms is a simple dotted line ; that 
for 2000 fathoms, - - - - ; for 3000 fathoms, 
:~ Geogr. Mitthe~7. 1877, page 125 and plate 7. The deep areas along 
the lines of soundings were named by Petermann on his very valuable 
bathvmetric map of the Pacific simply to facilitate reference. 
Tile bathymetric lines about the islands on the accompanying Map 
(Plate I.) have an unreasonable d gree of regularity. But with no facts 
to indicate the actual irregularities, none could be reasonably introduced. 
• ' h The trends given them are the same as on Petermann s map. T e actual 
steepness of slope is probably not exaggerated for either of the islands. 
If similar slopes exist about the smaller islands in other parts of the 
ocean, the final bathymetric map of the Pacific will have a very different 
aspect from that presented by the maps hitherto published, and the 
Central Pacific a much greater mean depth. About Wakes Island, a 
small atoll in latitude 19 ~ 11', standing alone in the ocean six degrees 
north of the Ralick Chain, the width of the area enclosed by the 2000- 
fathom line, as drawn on Petermann's bathymetric map, is nearly 100 
nautical miles, while, in view of facts at the Phoenix group, the actual 
width is probably not over 10 or 15 miles. 
With but four lines of soundings for the part of the great Pacific 
Ocean, within 35 degrees of the equator, the author of a bathymetric map 
has to rely chiefly on his judgment or conjecture for the larger part of 
the surface. There are many great problems in physical, geological, and 
biological science that would be elucidated by the facts which a -thorough 
bathymetric survey of the ocean would afford ; and the work is largo 
and important enough to call for aid from each of the great nations of the 
world. Thus far, for the Pacific Ocean~ the United States is first in the 
amount of work done. 
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152 Dr. J. D. Dana on t]~e Origin o] 
greatest depth obtained in the part of the area south-west of 
the group (400 miles broad) is 3305 fathoms, and in the part 
north-east 3448 fathoms. 
Again~ the soundings of the ~ Tuscarora'  of 1875 here cited~ 
taken in connection with those of the same vessel in 1874, 
under Commander George F. Belknap, along a line from the 
Sandwich Islands westward to Japan (mostly between the 
parallels of 20 ° and 25°), suggest he further conclusion~ that 
the deep-sea rea of the central equatorial Pacific, in which 
the Ph(enix Islands stand, extends north-westward toward 
Japan, and that it was crossed by the ~ Tuscarora' between 
171 ° E. and 150 ° E., where were found depths from 3009 
to 3273 fathoms (with some alternations of smaller depths 
that isolated areas may account for). I t  is also probable 
that the soundings of the ~Challenger' east of Japan be- 
tween 153 ° E. and 143 ° E ,  and just north-west of those 
of the ~ Tuscarora,' were within the same deep-sea rea. I f  
this be so~ a long deep-water area or trough extends from 
Japan south-eastward through the Central Pacifie~ conform- 
ing well to the suggestion of the Darwinian theory; and 
corresponding in direction approximately to the "axial  line 
of greatest depression" referred to above--the line AA on 
the accompanying map. 
As regards" the rest of the Central Pacific between the 
above defined 3000-4000-fathom belt and the Hawaian chain~ 
the depths ounded by the ' Tuscarora' ale, with few exceptions, 
over 2400 fathoms; two thirds of them are over 2750 fathoms; 
and a fifth (out of the fifty-five in this area) over 3000 *. 
* The same two lines of soundings by the 'Tuscarora' suggest he 
existence of a second long deep-sea belt or trough in the Central Pacific 
just south of the Itawaian chain. This supposed trough was crossed by 
this vessel in 1875 between the parallels of 13 ° N. and 18 ° N. (" Belknap 
depths "), and in 1874 between the meridians of 172~ ° W. and 177~ ° W. 
(the " Ammen depths ") ; the greatest depth found on the former line is 
3125 fathoms, anti onthe latter 3106 fathoms. Should the existence of 
these two troughs be sustained, the region between them would be a 
Central-Pacific plateau ; having in it, along the 1875 line of soundings, 
depths of 2972 to 1325 fathoms, and along that of 1874, depths of 2836 to 
i108 fathoms ; the shallower portion is near the middle of each line of 
soundings, has a great descent (6000 to 9000 feet) on either side, sug- 
gesting the idea of a central ridge. Over this plateau-area there are, 
south of the ttawalan chain, two or three smsll coral-islands; and 
further eastward, the Palmyra, Kingman~ Washington, l~a ning~ and 
Christmas reefs and islands, which, although coral structures, make the 
idea of a central ridge in this part for 600 miles almost a manifest fact. 
Further east, the Marquesas Islands are in tlie same range. The deep belt 
lying on the south side of the plateau diminishes in depth to e east- 
ward, the ' Challenger' sounding's fi.om the Sandwich Islands to Tahiti 
finding no depth in the course of this belt greater than 2760 fathoms ; but 
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Coral Reefs and Islands. 153 
11. Since a fringing reef is, by the theory of Darwin, the 
first stage in the origin of an atoll, it was naturally regarded 
by him as, in general, evidence of little or no subsidence, and 
even, at times, of elevation. But since (1) bold shores are 
an occasion for narrow reefs and for their absence, (2) sub- 
marine volcanic disturbances and eruptions about volcanic 
lands would destroy living reefs or retard their progress 
where begun, (3) islands of active volcanoes have small or 
no reefs, and (4) abrupt subsidences of only 120 feet would 
put reef-corals below a surviving depth and so lead to the 
beginning of a new reef, I was led to regard the evidence 
from a fringing reef for no, or little, change of level as of 
very doubtful value. But the doubts, while making such 
evidence generally useless, do not affect the value of the pre- 
ceding argmnente for subsidence. Darwin used the evidence 
from fringing reefs only to mark off the limits of the area of 
Central-Pacific subsidence to which his coral-island theory 
had led him ; and the same limits essentially are ached not- 
withstanding the doubt. Instead of concluding that the 
region along these limits was one of recent elevation or at 
least of no subsidence, I was led to speak of it as one either 
of no subsidence or of less subsidence than over the central 
area referred to. The difference between us is small. 
12. The true value of fringing-reefs as evidence in the 
question of change of level should be appreciated in this dis- 
cussion, as is apparent from the objections to Darwin's theory 
which have been urged; and I mention a few facts from the 
Pacific islands in its elucidation. 
On Darwin's map, the Marquesas group is left uneoloured, 
which means, doubtful as to subsidence or not. The Tahitian 
group (Society Islands) is coloured blue; that is, it is included 
within the area of coral-rcef subsidence. The Navigator or 
Samoan Islands are coloured red, or placed in the area of 
elevation ; the Feejces blue ; the Sandwich Islands red. The 
facts are these. 
The Marquesas Islands are an example of absence of reefs 
to a large extent, with only small reefs where an)'. But the 
shores are mostly too bold for reefs; and hence their small- 
ness bears no testimony as to elevation. Along the bold 
the belt on its north side may continue eastward of the ~ Challenger' 
route. Many more lines of soundings are needed to substitute sure con- 
clusions for the above suggestions. 
The existence in the ocean of parallel belts of deeper and shallower 
waters, such as are here inferred to exist, and such as al~actually in- 
dicated by the parallel lines of high islands and atolls, is in accordance 
with the facts over the continents. 
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154 Dr. J. D. Dana on the Origin of 
shores there are deep indentations and fiord-like bays~ separated 
in some cases by narrow ridges, sometimes in spider-leg 
style ; so that the proof of subsidence is positive, as explained 
in §4. 
Tahiti presents none of the Marquesan evidence of subsi- 
dence. Its erosion-made valleys, as already explained, die 
out at the broad shore-plain, and the island is comparatively 
even in outline. I found over it, like Darwin before me~ no 
evidence of elevation beyond one or two feet at the most. It 
has broad reefs ; and the channel inside the barriers between 
Papieti and Toanoa (2 miles) has a depth of 3 to 25 fathoms. 
From the width of the reef, and the slope (6 to 8 degrees) of 
the land, and of the lava-streams outcropping in the sides of 
the valleys, supposing this slope to be continued under water, 
I inade the probable subsidence 250 or 300 feet. A slope of 
6 degrees, and a width of reef of half a mile~ gives 240 feet 
for the depth of the reef at the outer edge. 
The Samoan (or Navigator group) includes (beginning at 
the east) Rose Island (an atoll), Manua, Tntuila, Upolu, and 
Savaii. 
Manua has bold shores, a height of "2500 feet, and a narrow 
reef where any ~. Tntuila is of the Marquesan type in its bold 
indented sides~ and this suggests a probable subsidence. Pan- 
gopango Bay, in which we anchored in 174 feet of water, has 
a length of three miles. The coral-reefs are of the fringing. 
kind where any occur. Upolu, a few miles west, has bolcl 
shores and small or no reefs for fif~cen miles of its north 
shore, east of its middle ; but elsewhere there are broad reefs 
(mostly 5000 to 8000 feet in width) and a very gentle 
slope (three to six degrees) in the land above, which is about 
the slope of its underlying lava-streams. The great width of 
the reef seemed to be evidence of subsidence. But the ab- 
sence on the north side of the island of a channel in the reef 
deep enough for any craft larger than canoes made it essenti- 
ally a great fringing reef. A calculation from the width and 
land-slope gave about 260 feet for subsidence; but I add (on 
page 332 of my Report) my doubt as to any subsidence. The 
facts known are against any elevation. 
* With regard to Manua, Mr. J. P. Couthouy~ of the Wilkes Exploring 
Expedition for two thirds of its cruise, in his paper on "Coral Forma- 
tions" (p. 50 of Prec. Best. Soc. Nat. Hist., Jan. 1842)reported th  
t r l i ec l  up by the eruptin action of a slightly submerged vent (' Report~' ca  _ g • 
p. 3"28.) "Tl~e facts on Manna need further study. 
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Coral Reefs and Islands. 155 
Savaii, the largest island of the group, is a gently sloping 
volcanic mountain, much like its namesak% Hawaii: in its 
features: with lavas looking as if not long out of the fire. It 
has a broad reef for only 6 or 7 miles of its east shore; else- 
where, on the east and north-east sides: the reefs are fringing 
or wanting; and on the southern and western sides mostly 
absent. No evidence of elevation: and nothing certain as to 
subsidence~ has been reported from the island. 
The large Feejee group bears abundant evidence of subsi- 
dence in its very broad reef-grounds, barrier islands, and atolls. 
Fringing-reefs, or barriers with very narrow channels~ occur 
about some of the islands of the group; but in view of the 
facts that have been stated~ these are useless as evidence 
either way. 
Thus the conclusions as to the changes of level about hese 
large Pacific groups south of the equator are not far from 
Darwin's, although fringing-reefs and the volcanic character 
of the island are thrown out of consideration, and other con- 
ditions exist of varied interpretation. 
But cases of actual elevation occur in the Central Pacific 
about several smaller islands, as proved by elevated coral-reefs. 
These occur in the Austral and Hervey Islands south and 
south-east of Tahiti, and in the Tonga or Friendly Islands. 
In none of thes% however~ thus far reported is the elevation 
over 300 feet: and the amount varies greatly in adjoining 
islands of the same group, some a~ording proof of no elevation. 
Hence only local changes of level~ not a general elevation~ can 
be inferred. 
To the north of the equator~ at the Sandwich Islands some 
elevated reefs occur; but the amount of elevation is small, and 
is not general in the group. ~Ioreover: the reefs are small, 
where any occur; and the largest island of the chain~ volcanic 
Hawaii: the easternmost: is mostly without reefs, as well as 
the larger of the westernmost i lands, Kauai, which has partly 
bold and indented shores. 
13. To give a more adequate view of the changes of level: 
or the evidences bearing on the subject: along the " limits" of 
the central area of subsidence, I mention some additional ~acts. 
Tahiti is the large eastern island of the Tahitian group. 
To the westward, the islands (1) decrease in size; (2)increase 
greatly in relative breadth of reef-grounds; (3) become deeply 
indented in shores, as explained; and (4) include an atoll: 
Tubuai, as one of the last two of the chain. While the reef 
of Tahiti proves comparatively little subsidence at that end of 
the group, and its reefs and channels are extensive nough to 
make the proof good, the other islands indicat% on the Dar- 
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 C
ali
fo
rn
ia,
 Sa
n D
ieg
o]
 at
 14
:52
 29
 Ju
ne
 20
16
 
156 Dr. J. D. Dana on the Origin of 
winian theory, that the subsidence increases much in amount 
westward. The western end of the chain is about a degree 
nearer the equator than the eastern. 
In the Samoan Islands, the largest island, Savaii, is the 
westernmost; and from there the islands decrease in size east- 
ward, and end in an atoll, Rose Island.. The group is like Tahiti. . 
in gradation as to increase of subsidence, but the direchon is 
the reverse ; and this fact points apparently to a much deeper 
area between them *. Moreover, although such broad barrier- 
reefs as those of Raiatea and Bolabola do not occur in the 
Samoan group, bold shores do in Tumila and Manua, and 
indicate the participation of these islands in the subsidence, 
notwithstanding their contracted reefs. Further, the reef of 
Upolu is broad enough to be proof of little change in the 
region of that island; and there was little, probably, at Savaii, 
the larger island west of it. The evidence of increased sub- 
sidence to the eastward is strong, and narrowness of reef is no 
objection to it. 
At the Sandwich Islands the case is similar and yet dif- 
ferent; similar in the fact that the largest island of the chain, 
Hawaii, makes one of its extremities, the eastern, and a series 
of coral-islands the other--the whole length being2000 miles; 
but different in that no great reef exists about the shores of 
either of the eastern islands to prove that the subsidence there 
was small or none. The elevated reefs are only a local phe- 
nomenon, and do not prove the absence of subsidence during 
the era preceding the elevation. 
But we have other e~ idenee of importance, derived from 
soundings about he group bythe ' Challenger' in 1875 and the 
' Tuscarora' in 1874, 1875. These soundings how that the 
deep-sea rea of 3000 to 4000 fathoms comes up quite closely 
to the eastern end of the chain. It was found within 300 
miles of north-eastern Hawaii and 250 of south-western, and 
within 80 miles of north-eastern Oahu; and a sounding but 
125 fathoms less than 3000 was obtained by the ' Challenger' 
within 40 miles of eastern Hawaii (or half its diameter). To 
the westward, along the north side of the chain, the deep-sea 
area appears to be two or three times more distant, according 
to the ' Challenger' esults ; the condition on the south side is 
uncertain. It would seem from the great depth near Hawaii, 
that the region of this great island, although, it is now actively 
volcanic and has little growing coral about it, had undergone 
more subsidence than the coral-reef end of the chain, and 
* The distance between the remote xtremities of these two groups i  
nearly 2000 miles, and the interval between the nearer over 800 miles. 
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Coral Reefs and Islands. 157 
that its height and steepness of submarine slopes are due to 
the fact that its outflows of lava have kept ahead of the sub- 
sidence, and also built up nearly 14,000 feet above the sea. 
This height is large, but the mean pitch of the sides of the 
volcanic mountains of the island is between 5° and 7 ° 45 ~ ; and 
hence it is only the height which successive outflows hould 
have produced over a vent at the sea-level; and it may be 
that the accumulation above tide-level has been made since 
the supposed subsidence ceased. The depth of 2875 fathoms 
found by the ' Challenger' 40 miles east of Hawaii shows a 
mean submarine slope to that point of 4 ° 30 t, as if here also 
was a slope made by flowing lava. But more soundings are 
needed to prove that the slope is a gradual one. 
14. The facts reviewed show the uncertainty of evidence as 
to little or no subsidence, or as to recent elevation, from (1) 
narrow reefs, or from (2) the volcanic haracter of islands, and 
leave untouched the evidence ef actual subsidence from the 
features of barrier- and atoll-reefs and from deeply indented 
coasts. 
15. After the above considerations, it is clear that the 
theory of subsidence meets well the facts as to the varying 
extent of reef among reef-bordered high islands. According 
to it, (1) steepness of submarine slope may characterize the 
side of a barrier-reef (as well as ef an atoll) fronting east or 
west, north or south, as is true of high islands ; but it is least 
likely to occur in the direction of the trend of the island or 
group, or that of current drift. (2) Fringing-reefs, or no 
reefs, may characterize one side, that of bold bluffs, and wide 
barriers the opposite. (3) The barrier-reef may be made on 
the submarine slopes of the land~ or on a broad plateau or 
lowland area between ranges of elevations, one or both of 
which have disappeared in the subsidence. (4) By continued 
subsidence, the side having a fringing-reef or no reef~ may, 
later in the subsidence, be that of a very broad barrier-reef, 
because of the form of the surface of the subsiding land ; and 
vice versd. 
The third of these propositions is well illustrated by the 
facts from the l~Ialdives, as reported by Darwin. On account 
of its importance I add an illustration from the Feejees. 
The great reef-_~rounds along the north-west sides of the 
two large Feejee islands, Vanua Lebu and Viti Lebu, do not 
indicate a subsidence proportional to their width. 
Each ef these islands i over ninety miles long, and to- 
gether the trend is north-eastward*. The north-western 
A map of the Feejee group is contained in my ~ Corals and Coral 
Islands,' and of larger size in Wilkes's ' Narrative of th Expedition.' 
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158 Dr. J. D. Dana on tile Origin of 
reef-grounds are 10 to 25 miles wide; while on much of 
the south-east ide of each island there is (according to the 
Wilkes chart) only a fringing-reef. The true explanation of 
the great width is'found, not in the amount of the subsidence 
alone, but largely in the. existence there of a broad area of 
submerged land at relatively small depths. This inference is 
sustained by the fact that the outer barrier-reef~ after being 
simply a barrier-reef for 125 miles with but two rocky islets 
in its course, becomes in the same line westward for seventy 
miles, a range of high narrow reef-bordered islands (called the 
Asaua Range), and then bends around southward through 
other rocky islands to meet the west end of Viti Lebu. The 
reef-grounds have thus a chain of islands as their boundal T 
for a length of 100 miles, and simply a barrier-reef with two 
rocky islets for the rest of the line (125 miles). 
The following figure illustrates in a general way the above 
condition. It is a section across the reef-grounds, i k, and 
the outer barrier-reef i, with a fringing reef at 1 ; and sup- 
posing it to have a rocky island at i, it represents a section 
(further to the south-west) across the reef-grounds and the 
outer range of islands. The reason for the existence of only 
fringing-reefs for much of the south-east side has not been 
particularly investigated. 
16. Local elevations within the sinking area are not evi- 
dence against the Darwinian theory of subsidence. Local 
disturbances and faults, as both theory and the rocks of the 
continents how, are almost necessary concomitants of a 
slowly progressing change of level. Besides this, igneous 
conditions beneath a region are a common source of local 
displacements. Such displacements are therefore to be looked 
for in the tropical oceans, since the various high islands are 
volcanic, and the coral-islands probably have a volcanic base- 
ment ; and, moreover~ the islands are not unfrequently shaken 
by earthquakes. The causes of local displacement by either 
method would not necessarily interfere with any secular 
change of level in progress. 
17. The shore-platform of an atoll, or the "fiat," as called 
by Darwin~ situated just above low-tide level, consists usually 
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Coral Reefs and Islands. 159 
of the true reef-rock, or the rock made by under-water con- 
solidation ; and its height is determined chiefly by the height 
of wave-action, its general surface being produced by the 
chiseling-effect of the in-flowing waters. When found above 
its normal evel, it is probable vidence of an elevation ; and 
on this kind of evidence the conclusion rests in several of the 
cases of supposed elevation which I mention in my Report. 
The width of the platform and its evenness of surface vary 
with the height of the tides. When the tides are 5 to 6 feet, 
the platform is narrow, more cut up by channels and less 
even in surface. After an elevation, if but a foot or two in 
amount, the surface of the platform becomes restored finally 
for a large part of its surface to its normal level, and gentle 
slopes may connect the newer and older portions. But if 
the rise of an atoll is 10 feet, great degradation takes place 
along the lifted edge of the reef, which may end in reducing 
the elevated coral-barrier to a wall with numerous channels 
and broad spaces opening through to the lagoon, as observed 
by the writer (from ship-board) on the south side of Dean's 
Island% 
18. The differences in the kinds of coral-rocks should be 
understood (as the recent discussions of Darwin's theory 
have shown) in order to appreciate the structural facts that 
bear on changes of level. The beac]~-made rock is of above- 
water consolidation (through calcareous deposition about the 
grains as evaporation takes place), and is porous, often oolitic; 
and if a conglomerate, it consists mostly of worn masses. 
The rock made of drifted sands is similar. But the true 
* Our cruise took us from the Paumotu atolls to Australia, and there, 
the sandstone bluffs making the capes of Port Jackson gave me my first 
understanding,, of the atoll's "shore-platfol~." This" bluffhas its "shore- 
platform, 50 to 150 yards wide, bare at low tide; it was the lower 
Iayer of the sandstone, a regularly jointed rock, lying like a loosely laid 
pavement. It seemed strange that it was able to keep its place in the 
race of the breakers. But the first waters of the in-coming tide swelled 
quietly over it~ and served to shield it from the plunging waters of the 
latter part of the flow ; the waves, therefore, found nothing to batter 
agdmst short of the base of the bluff. 
A view of Deans Island from the south is given in Wilkes's Narrative, 
i. p. 342; it fails only in not giving a nearly even topline to the columns. 
The view on p. 384 looks as if representing another example of similar 
erosion. But~ as the text iml~lies ~ the group ofmasses of coral-rock was 
made by the artist by bringing into a single view the blocks that had 
been observed in an isolated way over the platforms of atolls. The size 
and shapes of the blocks are exaggerated. But, although isolated, such 
blocks are often so united to the coral-platform that they appear to be a 
constituent part of it (my 'Report,' p. 6l) and suggest the question 
whether they may not be remnants of an overlying layer elsewhere 
removed. 
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160 Dr. J. D. Dana on the Origin of 
coral-reef rock is of under-water consolidation~ and is usual~" 
very compact, like an ordinary limestone ; and if a conglo- 
merate, it is commonly a breccia, and sometimes a very coarse 
breccia. Some masses of it lying on the shore-platform of 
Paumatu atolls (thrown up by storm or earthquake-waves)~ 
100 to 2000 cubic feet in contents, consisted of single pieces 
of massive corals--Astra3as~ _Porites, &c. ; and others were 
an agglomeration of fragments of corals. The fine-grained 
or impalpable kind made from coral-mud may have few or 
no fossils, and be a magnesian limestone. 
Another variety of the coral-reef rock~ made in lagoons and 
sheltered channels~ has the corals in the position of growth ;
and when formed of branching corals~ the spaces among the 
branches are often but partly filled. I t  is a weak rock ; and 
the islets thus made in lagoons and inner channels are some- 
times overturned by the heaviest of waves ; and rising banks 
(as the experience of the Willies Expedition proves) may be 
crushed beneath the keel of a passing vessel. 
Owing to the different modes of origin of the beach-made 
rock and the true coral-reef rock~ the occurrence of the former 
underneath the latter would be evidence of subsidence. 
Deep borings in atolls with circular drills that would give 
a 6-inch core would supply evidence as to the existence or 
not of beach-made coral-rocks at levels below the surface. 
They would also determine the depth to which true modern 
coral-reef rock extends and the nature of the underlying beds, 
whether calcareous, voleanic~ or of any other kincl. This is 
hence a sure method for obtaining a final decision of the 
coral-island question~ and should be tried*. 
* The Wilkes Expedition carried out apparatus for boring. It was put 
into inexperienced hands, as Commodore ~ ilkes states in his Narrative 
(iv. pp. 267, 268), and at a trial with it on Aratiea (Carlshoff Island) in 
the t)aumotus, it became broken a d useless at a depth of 21 feet. 
Moreover, the granulated material brought up afforded no satisfactory 
evidence as to the kind of coral-rock encountered. The statement in the 
Nan'ative ' that "the low coral-islands, as f r as they have been inves- 
tigated, both by boring and sounding, have shown a foundation f sand, 
or what becomes o on being broken up," has been quoted and made 
more of than the facts warrant. The " soundings" reached only the 
sands of the sea-bottom ; and the"boring," if it found sand at bottom, 
proved only that the beach-made rock may exist at the 21-~bot level, in
which ease a small subsidence would be indicated. 
Commodore Wilkes says on p. 269 of the same volume :--" The elevated 
coral-islands which we have examined exhibi~ a formation o  conglome- 
rate composed of compact coral and dead shells, interspersed with various 
kinds of corals, which have evidently been deposited after life has become 
extinct. A particular instance of this was seen at the island of Metia, 
and the same formation was also observed at Oahu." As the corals of a 
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Coral Reefs and Islands. 161 
19. Elevated coral-reefs afford an opportunity to search for 
layers of beach-made rock underlying true reef-rock; and 
also, if over 120 feet in height, to ascertain directly the cha- 
racter of the rocks below this level. 
The elevated atoll, Metia, 75 miles north-cast of Tahiti, 
whose maximum height (according to the measurement 
of officers of the Wilkes Expedition) is 250 feet, I have 
described as consisting of the true coral-reef rock. My ex- 
aminations were made on the west side, where it presents a 
vertical front to the water. The white compact limestone 
was, in some parts, almost destitute of fossils, or had only an 
occasional mould of a shell or fi'agment of coral* ; and in 
others it was a fine or coarse coral-breccia. My notes written 
out at the island include the statement that " large masses of 
corals make some lower layers." This observation, though 
not as complete as I now see that it should have been, favours 
the conclusion that the thickness of the reef rock is at least 
twice as great as the depth to which reef-corals grow, in 
which case the elevated reef is proof of a subsidence of 120 foot 
or more. 
The island is so near the route to Tahiti that the doubt 
which remains could be readily removed. 
20. The subsidence indicated, according to the Darwinian 
theory, by atolls and barrier-reefs was actual, not apparent 
subsidence attributable to change of water-level. The diffe- 
rence in its amount between the Central-Pacific area of sub- 
sidence and its limits (§§ 10, 11, above), the gradation or 
variation in amount of subsidence along chains of islands 
(§§ 10, 12, 13), and the local character of elevations, like those 
of ]~[etia, Mangaia, and many others, are proofs on this point. 
The preceding explanations have prepared the way for the 
consideration of the arguments urged against the Darwinian 
theory, to which I now pass. 
[To be continued.] 
conglomerate, whether consisting of rounded masses or angular~ are  
" deposited after life has become xtinct," no inference as to the parti- 
cular kind of coral-rock intended can be drawn from the e ark. From 
my knowledge of the island I presume h meant he ordinary breccia 
conglomerate of the reef-rock~ which is one of the kinds of coral-rock of 
the elevated island. Commodore Wilkes himself made no examination 
of the rock or special study of coral-islands, as might be inferred from 
his theoretical views on p. 270 of volume iv. His ' Narrative' was to a 
considerable extent made upfrom the journals ofhis various officers. 
* It was this compact rock~ white, flint-like in fracture, clinking under 
the hammer, that was found on analysis by B. Silliman to contain 38'07 
per cent. of magnesium carbonate. 
_Phil. Mug. S. 5. Vol. 20. No. 123. August 1885. M 
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